Research from the past three decades has found that an interactive engagement approach to teaching the sciences which involves physical interaction with systems helps students build effective mental models. 
I. Introduction
Traditional lecture-based general physics classes have been shown to be ineffective in instilling Newtonian physics intuitions in students 1, 2 . Although the lecture model remains the dominant paradigm for physics education in practice, a variety of other approaches have been examined. These alternative approaches often incorporate the findings of Physics Education Research (PER), a body of work that has led to the conclusion that students "need to participate in the process of constructing qualitative models and applying these models to predict and explain real-world phenomena." 2 At Portland State University in 2011, an updated Physics with Calculus Workshop curriculum was developed to present general physics students with difficult, involved physics problems that demand a high degree of critical thinking and problem-solving skill. These workshops are each made up of three long-form problems with some prompts and hints to help students form mental models, matching the "Guided Inquiry" category of Inductive Teaching 3 . A single peer workshop leader is present for each workshop to keep students on-course, but lecturing is rarely a part of the class and is expressly discouraged during workshop leader training. Students pool knowledge and approach the problem from a variety of angles before finding a solution. The workshops are organized and run by students in conjunction with faculty from the physics department.
A research-driven device and corresponding curriculum elements were developed to help students make connections between mental models and physical mechanisms. The device was incorporated into an existing Physics with Calculus workshop model for a representative set of Workshop students, whose polled responses were used to categorize student response. The device was developed by a team of engineering students working under the moniker "Physics in Motion" (PIM). Two of these students also led physics workshops, and incorporated the device into their workshops to examine student interaction with the prototype.
II. Methods a. Design Considerations
A project was undertaken by Mechanical Engineering students starting in the spring of 2013. The goal of the project was to identify a need in student education and to apply engineering skills to move towards a solution to the chosen problem. The problem isolated was informed in part by the findings of Halloun and Hestenes, who demonstrated 4 that students' misconceptions followed them through their study of physics-a problem barely addressed in the classroom nearly three decades later. Initial interviews with advising faculty revealed a dissonant set of beliefs regarding the root of this problem: during an interview with a physics professor, the team was told that students learn to apply mathematical models to physics problems, but that they never develop a real intuitive knowledge. Conversely, during an interview with a mechanical engineering professor, the team was told that students all have an intuitive knowledge of physics, but are not taught to effectively apply mathematics. These interviews, while somewhat conflicting, demonstrated in both cases the belief that a fundamental problem in teaching physics lay in the translation between intuitive senses and analytical models.
The team worked to develop a device which could help students to bridge the gap between the abstract world of mathematics and the tangible world of machines. The design and development of the Touchstone Model 1 device (TM1) was informed by PER, and especially influenced by an idea expressed by Redish 5 : "Touchstone problems and examples are very important….Touchstone problems become the analogs on which [students] will build the more sophisticated elements of their mental models." Touchstone problems, as defined by Redish, are problems which "…the student will come back to over and over again in later training." Redish lays out a set of principles that relate cognitive science research to the practice of teaching physics effectively. One way to take advantage of these principles and the research behind them is to encourage the growth of a basic touchstone model in students' minds, then to expand on this model by adding small sets of conceptual elements iteratively. This is a principle Redish addresses: "It is reasonably easy to learn something that matches or extends an existing mental model." The project described in this paper is based on the principle of asking students to build a mental touchstone model, then asking them to add layers to this existing model, all the while reminding students to examine the network of relationships between new elements and those that were previously part of the model. The TM1 device, shown in Figure 1 , is a parallel construction made up of a set of classic physics machines: the pendulum (energy), the ramp (forces), and the ball launcher (kinematics). The engineering aspect of the device involved both the physical design -a construction that can repeat a series of mechanical movements consistently, with a high degree of precisionand the incorporation of a unique Arduino microcontroller difficulty-scaling mechanism which allowed the curriculum to cover a robust set of topics in a sequential order. The microcontroller increases the modular nature of the device, as a physics instructor could quickly learn to develop new code for the Arduino, changing the problem in whatever respect he or she desired.
The Arduino module functions as an input device, for which timers are set for the dropping pendulum and for the small ball launcher. This is the full extent of the input, and once these variables have been entered, the TM1 elements are triggered at times corresponding to those entered by students. This simple interface -an LCD screen and two input buttons -allows the student to select a difficulty level by choosing whether certain elements of physical interaction are turned "on" or "off". Timers can then be set with a precision of 1.00 seconds. Figure 2 below shows a typical sequence of inputs corresponding to a "Level 4" difficulty. One could say that the TM1 is a collection of classic physics touchstone problems. Together, this initial configuration of the device includes most of the topics covered in the Mechanics term of a college-level general physics class. Table 1 is a broad summary of the concepts traditionally covered in the class, and their application to the machine overall and to the curriculum developed and tested in classrooms. The same table describes the elements which can be turned on or off at varying difficulty levels.
The time at which the pendulum and launcher are triggered is offset by the Arduino, which has stored constants that correspond to correct solutions for each difficulty level. Therefore when a student selects the first difficulty level-which treats surfaces as frictionless and ball's motion as linear-a constant is applied after the students input their calculated trigger times. This ensures that the balls do indeed collide assuming a correct theoretical input.
It is worth mentioning that this touchstone problem has more curriculum potential than has been fully demonstrated to date; for example, further levels of complexity could require students to construct and solve a differential equation to describe the drop of the pendulum and the ensuing motion. Furthermore, the device is highly modular, with each element being adjustable: the pendulum's height, mass, and arm length are designed to be variable; likewise, the length of the track can be adjusted by swapping out track pieces; and the height and speed of the ball launcher could be easily modified through a voltage controller or by exchanging solenoids.
Another design criterion hinged on student motivation: the device was designed with a variety of exposed electronic systems, shining stainless steel rails and trusses, and an overall aesthetic designed to catch a student's eye and promote interest in the system as a whole. The interface is also designed for ease of use. Upon powering on, the LCD screen displays a series of factors which can be turned on or off by the user, leading to an interactive selection of one of the difficulty levels shown in Table 1 . Figure 3 shows the prototype TM1 device, along with component annotations. 
Level 1
Given the initial speed of a stainless steel ball traveling on a straight track, time the launch correctly in order to cause a collision with a small ball from a ball launcher.
Consider the rotation of the steel ball on the track, and calculate the linear and rotational energy distribution during the motion.
Level 3 b. Curriculum Development and Execution
A total of 58 students attended the Physics with Calculus workshops; of these, 20 students attended special PIM workshop sections, broken into two groups that met weekly. Students who were in the special PIM workshop sections followed exactly the same workshop model as their peers for six of the nine total workshops, but their 3 rd , 6 th , and 9 th workshops were replaced by the repeating TM1 problem. For PIM workshop students, difficulty was increased gradually by including factors that had not been considered in the previous workshop and which were synchronized with the syllabus of the General Physics class to reinforce new concepts. A single workshop leader was present in each workshop, and had been trained to be minimally involved in student problem-solving. The workshop leader's task was to helps turn students back towards the central elements of the problem if the line of reasoning strayed from the principles applicable to the problem.
For these three PIM sessions, the curriculum closely followed the existing workshop model, with a few key differences. First, the set of three problems was replaced with a single problem and one goal: to make the two balls collide in mid-air by inputting the proper timer settings for the pendulum drop and ball launch. Second, the degree of help offered by the written workshop was intentionally decreased, while an extra element was added to each with the goal of forcing students to create hypotheses about the result of their analysis before undertaking the mathematics involved.
A primary goal for this initial curriculum was to help students develop an intuitive sense of the relative influence of friction, kinetic and potential energy, rotational energy, and mass impact. In the first workshop, students were asked whether the effects they have taken into account (pure kinematics) fully describe the object as it functions in the real world, and what other factors might affect the motion of the balls. In the second workshop, students are asked whether potential energy changes or friction will have a greater effect on the ball's motion, whether kinetic energy or rotational energy will dominate in this regime, and whether the pendulum's effect would be increased more by doubling its mass or by doubling the length of its arm. In the third workshop, the question of which factors most heavily affect the ball's energy was repeated. The decision to ask students to predict outcomes comes from research 6 in which predicting the result of a demonstration was shown to increase student understanding as compared to giving the demonstration without prior discussion and prediction.
Students were provided with a schematic of the mechanism, and were required to isolate the variables that would matter for their analysis at each difficulty level. After breaking the problem down into isolated events, students were able to reassemble these segments of motion into a cohesive whole, finding a time difference between the pendulum drop and the ball launch that would theoretically cause a collision. After solving the problem, students were able to test their solution by physically preparing the device, entering the solution and observing the result as a group. Copies of each special PIM workshop are shown in Appendix A. Figure 4 is a photograph taken immediately following one such workshop session; behind the device is an analytical solution to the problem, devised, written, and tested by first-term physics students. Students were told that the device was a prototype developed for a set of experimental workshops, in collaboration with the Portland State Mechanical Engineering Department. Students were not made aware that their workshop leaders had any connection to the curriculum.
III. Results

a. Student Response
Following the device's deployment, a short supplemental questionnaire was added to the existing Physics with Calculus Workshop evaluation sheet. It was comprised of two questions: "Did working with the device change your experience in the workshop? Please explain." and "Did the device help you understand where the physics formulas come from? Did the device help you understand how physics formulas interact together?" The survey is available in Appendix B.
Because the workshop allows students to be absent during one of the nine meeting times, and because the final meeting during which the evaluation sheet was administered occurred during the week before final exams, attendance in both PIM workshop sessions was significantly diminished at the time of the survey. A total of (7/20) PIM workshop students were present to complete the questionnaire. The questionnaire was administered by the workshop leader, who then left the classroom to allow students to comment on the workshop anonymously.
Of these 7 responses, all were positive, with each student expressing the sentiment that the device was a useful addition to the workshop model. Many students responded that the device helped them understand how physics functions in the "real world". Multiple students responded that the device helped demonstrate how mathematical models and physical systems are connected through some act of translation. Table 2 is an attempt to qualify the responses through the use of keywords.
b. Knowledge Gains
After the completion of the class, midterm, final, and overall scores were compared for three groups of students. Students who did not complete the workshop or who did not pass the class were removed from the dataset. Group 1 (n=20) is the group of students in the special PIM workshops. Group 2 (n=30) is the group of students in the normal Physics with Calculus workshops. Group 3 (n=132) is the group of students who did not attend a physics workshop. Figure 5 shows median scores from each group, while Figure 6 gives a box plot representation of scores from each group. Tables 3 and 4 show comparisons of the mean and median scores (respectively) for the three exams (midterm 1, midterm 2, and final) given by the instructor in the Physics course. The mean scores are susceptible to outliers, so it is prudent to use the median score differences for comparison. In all four assessments, the students who attended the PIM workshop showed the highest median scores.
The data in Tables 3 and 4 give some degree of confidence that the PIM workshop may be helping students learn the course material or helping them approach complex problem solving. However, we have not controlled for incoming student characteristics. Motivation for taking workshops as a supplementary course range from a desire to improve main-section test scores, to a desire to understand physics more completely, to incentives instilled by extra-credit opportunities. Furthermore, as each workshop is led by a different leader, student scores may be affected by this factor as well.
The statistics above do not make a conclusive case regarding the efficacy of the TM1 device in the workshop model. Further research would be required to gain formal knowledge of the device's effects on student learning. Specifically, experiments designed to test student knowledge gain in specific skillsets or subjects could help to inform further development of TM devices and their accompanying curriculum. 
IV. Conclusion
A prototype touchstone model device was designed and deployed to augment the existing Physics with Calculus Workshop at Portland State University. A curriculum was also developed to help students form a conceptual model which would increase in complexity as the main section of the general physics class advanced. This single device allowed students to explore nearly every concept in first-term general physics, with the exception of static equilibrium and gravitation.
Student response to the use of the device in the classroom was positive, although formal analysis of student knowledge gain was inconclusive. A larger study would allow for a more complete examination of the application of a modular and increasingly-difficult touchstone model device; furthermore, specific knowledge gain goals should be assessed in order to analyze the effect of the TM1's use on persistent physics misconceptions. With proper design, these experiments could be used to inform further curriculum development if the results are shown to be promising. A second prototype is under development, which aims to include a wider variety of possible physical arrangements to help maintain student interest. This second iteration is also designed to allow for more hands-on student interaction beyond dimension measurement, further bridging the gap between mathematical models and physical mechanisms. The design is intended to function similarly to a modular, highly-precise Rube Goldberg machine, containing classic physics devices which can be recombined into new Touchstone problems. Ideally, future curriculum will incorporate conceptual problems which will be analyzed through student experiments, followed by analytical problems which will be analyzed through mathematics and then confirmed by experiment.
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